The mechanical properties of a Zr 55 Cu 30 Al 10 Ni 5 metallic glass rod are investigated by Vickers microhardness and depth-sensing nanoindentation. The alloy exhibits a relatively large hardness which decreases when increasing the maximum applied load. Serrated flow is also observed during nanoindentation. Both effects are related to deformationinduced mechanical softening.
INTRODUCTION
Metallic glasses (MGs) are a particular class of metallic alloys with no long-range atomic order. Due to their amorphous character and the concomitant lack of grain boundaries and dislocations, these materials show unique mechanical properties. For example, they can be twice as strong as steels, exhibit more elasticity and fracture toughness than ceramics and are less brittle than conventional oxide glasses [1] [2] [3] . Although the first MGs appeared in form of ribbons in 1960 [4] , the first bulk MGs, consisting of spheres with 0.5 mm in diameter, were developed in 1969 by Chen and Turnbull [5] . In spite of their large elasticity and hardness, MGs exhibit poor room-temperature macroscopic plasticity compared to polycrystalline metals. This low plastic deformability is related to the formation and rapid propagation of shear bands [6] [7] [8] [9] [10] [11] .
Nevertheless, although the lack of plasticity limits macroscopic applications of MGs, it has been recently shown that premature fracture due to shear band formation can be to some extent inhibited in samples with small sizes [12] [13] [14] [15] . This has triggered the recent development of novel types of micro-and nano-electromechanical (MEMS/NEMS) devices based on MGs, such as cantilevers [16] , spring actuators [17] or hinges [18] . This trend towards miniaturization has prompted the development of new techniques to characterize the different properties of materials. Amongst these techniques, nanoindentation has revealed itself as a powerful method for testing the mechanical behaviour at the submicron scale [19] [20] [21] [22] . This technique is not restricted to materials with small dimensions but it is also used to characterize *Address correspondence to this author at the Dept. de Física, Universitat Autònoma de Barcelona, 08193 Bellaterra, Spain; E-mail: jordi.sort@uab.es bulk materials, particularly when they show brittle behavior, i.e., when they may exhibit premature failure during macroscopic tensile tests. In this sense, nanoindentation can be considered as a non-destructive technique.
In conventional indentation techniques, like Vickers microhardness, the hardness evaluation involves direct imaging of the residual area. Conversely, during depth-sensing nanoindentation both the applied load and the penetration depth are recorded during the test. This data is then used to determine the mechanical properties, following different procedures such as the method of Oliver and Pharr [20] .
In this article, we report on our recent results on the mechanical characterization of a Zr 55 Cu 30 Al 10 Ni 5 MG by Vickers microhardness and nanoindetation testing. Microindentation experiments reveal that the Vickers hardness is rather constant along the rod radius. Nanoindentation tests show that the hardness actually depends on the applied load, tending to decrease for higher maximum loads, a result which is interpreted as being due to a deformation-induced mechanical softening of the glass. Other features, such as the occurrence of pop-in events in the loading segments, particularly observed at low loading rates, and the formation of shear bands are also described.
EXPERIMENTAL DETAILS
A master alloy with composition Zr 55 Cu 30 Al 10 Ni 5 (at. %) was prepared by arc-melting a mixture of high purity (99.9 wt. %) elements in an Ar atmosphere. Rods of 2 mm diameter and 10 cm length were obtained from the arc-melt by copper mould casting. The sample was structurally characterized by X-ray diffraction (XRD), using a Phillips instrument and Cu-K radiation. The thermal stability of the system was investigated using a Perkin-Elmer differential scanning calorimetry (DSC).
Vickers microhardness tests (using four-sided pyramidal diamond tips) were performed at room temperature, along several radii of the rod, applying a load of 1 N with a MTH indenter attached to a Zeiss optical microscope. Depthsensing nanoindentation experiments were carried out in the load control mode using a Berkovich three-sided pyramidalshaped tip mounted in a MTS nanoindenter. Prior to indentation, the samples were cut into disks of approximately 1 mm thickness and carefully polished to mirror-like appearance using diamond paste. The nanoindentation function consisted of a loading segment of 40 s, followed by a load holding segment of 30 s and an unloading segment of 10 s. The maximum applied loads ranged between 4 and 500 mN. The thermal drift was kept below ± 0.05 nm s -1 . From the loaddisplacements curves, the hardness values were evaluated at the end of the load holding segments using the method of Oliver and Pharr, which estimates the hardness as the ratio between the applied load and the contact area [20] . In turn, the contact area between the diamond indenter and the specimen depends on the contact depth, which is determined from the maximum depth at the end of the load holding segment and the stiffness. Proper calibration of the contact area was performed using a fused-quartz standard material. In addition, the continuous stiffness method (CSM) was employed to estimate the dynamic hardness during nanoindentation. In brief, this method consists in applying a small oscillation to the force signal at a relatively high frequency, so that the stiffness can be continuously evaluated during loading [23, 24] . A maximum load of 450 mN was applied for the CSM measurements. For all indentation conditions, at least ten tests were performed to achieve good statistical results. Images of the indents were obtained both with an optical microscope and a JEOL scanning electron microscope (SEM).
STRUCTURE AND THERMAL STABILITY OF THE Zr 55 Cu 30 Al 10 Ni 5 METALLIC GLASS
The XRD pattern recorded for the Zr-based MG is shown in Fig. (1) . The pattern consists of broad halos with absence of well-defined peaks, indicating that the rods are amorphous without detectable crystalline phases. Further evidence for the amorphous character of the sample is obtained from the DSC scans, as the one shown in Fig. (2) . The curve reveals the existence of a broad exothermic peak at low temperatures, which corresponds to the enthalpy release during structural relaxation. For the heating rate of 40 K/min, the glass transition temperature is T g = 695 K. Furthermore, two crystallization peaks are observed at T x1 = 778 K and T x2 = 942 K, yielding a supercooled liquid region T = T x1 -T g = 83 K. The crystallization enthalpy, evaluated from the area of the first crystallization peak, is H 1 = 53 J/g. XRD analysis of the fully crystallized sample (not shown) reveals that the main phases that form upon heating are tetragonal CuZr 2 , cubic Al 15 Ni 8 Zr 6 , orthorhombic Ni 10 Zr 7 and hexagonal Al 2 Zr phases. 
MECHANICAL PROPERTIES OF THE Zr 55 Cu 30 Al 10 Ni 5 METALLIC GLASS
Vickers microhardness, H V , tests, carried out along several radii of the rods, allow a three-dimensional hardness map of their cross-section to be depicted. This is shown in Fig. (3) . The H V values range from approximately 5 GPa to 5.3 GPa, tending to be slightly higher at the centre of the disks. The lack of a pronounced variation in the H V values is indicative of the good structural homogeneity of the sample. The slight increase of H V at the disk centre is probably related to the cooling rate gradient existing during Cu-mould casting. Namely, the higher cooling rates achieved at the edge of the rod can freeze more free volume in the glass structure and, as a result, the material becomes somewhat softer [25] .
To get deeper insight into the mechanical behaviour of the Zr 55 Cu 30 Al 10 Ni 5 MG, depth sensing nanoindentation experiments were also carried out. Two load-displacement curves, corresponding to maximum loads of 4 mN and 500 mN are shown in Fig. (4a) and Fig. (4b) , respectively.
It is noteworthy that while some pop-in events are clearly observed for the maximum load of 4 mN [indicated with arrows in Fig. (4a) ], such serrations are difficult to detect at higher loads. In particular no serrations are observed when the maximum load is 500 mN. It has been suggested that the occurrence of serrated flow during plastic deformation of MGs depends on the strain rate [26] [27] [28] [29] . Lower loading rates result in more pronounced bursts, which are the signature of the formation of shear bands [11] . Since the same loading time has been used in all experiments, independently of the maximum applied load, it turns out that the loading rate is actually higher for higher loads. The higher strain rate when indenting up to 500 mN could thus be the reason for the absence of serrations in Fig. (4b) . Nevertheless, SEM images recorded after indenting up to 500 mN reveal the existence of shear bands surrounding the imprints, as it is shown in Fig. (5) . Hence, it can be inferred that even if no serrations are seen in the loading curve, shear bands still form during nanoindentation using high loads. Therefore, the lack of serrations in Fig. (4b) is probably due to the limited resolution of the experimental setup rather than the use of exceedingly high loading rates, a possibility which was already put forward by some authors in the literature [10] .
Another interesting observation is that the hardness depends on the maximum load used during the nanoindentation tests. This is shown in Fig. (6) . Plotted in panel (a) is the dependence of hardness on the maximum load for conventional nanoindentation tests. The same effect can be visualized in panel (b), which shows the dependence of the dynamic hardness on the penetration depth during a measurement using the continuous stiffness method up to a maximum load of 450 mN. The hardness in both (a) and (b) decreases from approximately 8 GPa (at 4 mN) to less than 6.5 GPa (at 500 mN). Note that the Vickers hardness, H V = 5 GPa, is lower than the hardness evaluated by nanoindentation, probably because of the larger load (F = 1 N) used for microhardness assessment. This phenomenon, often referred to as indentation size effect (ISE), is usually rather pronounced in single crystalline materials and has been ascribed to a variety of factors, such as surface effects [30] , friction between the indenter and the sample [31] or, more recently, strain gradient hardening [32] . The latter considers that, as a result of the shear field created by the indenter, the crystal lattice becomes distorted and, in order to form the residual indentation imprint, so-called geometrically necessary dislocations have to be created. For large indentations, the strain variation between two extremes is more gradual and the statistically stored dislocations can easily accommodate the shear stress without need of the geometrically necessary dislocations, thus reducing strain gradient effects.
It is noteworthy that, in spite of the lack of dislocations in metallic glasses, the ISE has been also occasionally reported in these systems [33] [34] [35] [36] . Its origin is, however, still not well understood. Nevertheless, it has been reported that flow events in MGs are accompanied by dilatation, i.e., creation of free volume [7, 8, 37] . This mechanism results in strain softening during plastic deformation and, hence, it can play a role in the ISE [35, 38, 39] .
From a mechanistic point of view, deformation in MGs occurs via formation of the so-called shear transformation zones [7] . Plastic strain originates from local shear transformations, nucleated under the presence of the applied stress, in specific regions of the material where the amount of free volume surpasses a certain threshold value. These shear transformation zones involve structural rearrangements of groups of 10-20 atoms and result in creation of net free volume which, in turn, promotes the development of further shear transformation events and cause mechanical softening. At high temperatures this process competes with thermallyassisted atomic diffusion and plastic flow is homogeneous throughout the glass. Conversely, at low temperatures (typically lower 0.6 T g [7] ), accumulation of free volume leads to the formation of shear bands and plastic flow becomes inhomogeneous [7, 39] . Since in the Zr 55 Cu 30 Al 10 Ni 5 MG, T g = 695 K, room temperature is approximately 0.4 T g . Therefore, it can be envisaged that plastic flow under ambient conditions will be inhomogeneous, as it has been evidenced by the nanoindentation experiments.
CONCLUSIONS
Micro-and nano-indentation experiments have been performed in a Zr 55 Cu 30 Al 10 Ni 5 metallic glass with the aim of studying its deformation behaviour. The hardness extracted from these tests is found to decrease when increasing the maximum applied load. This result is interpreted as being due to the strain softening that occurs in these glasses during plastic deformation. This softening stems from the development of shear transformation zones which bring about an increase of free volume. At room temperature, the deformation-induced creation of free volume cannot be compensated by thermally-assisted structural relaxation and its accumulation leads to the formation of shear bands. These shear bands, which have been observed by scanning electron microscopy, are the reason for the serrated flow perceived in the loading portions of the nanoindentation experiments, particularly when indenting at sufficiently low strain rates.
